Objective-Nicotinic acid (NA) treatment has been associated with benefits in atherosclerosis that are usually attributed to effects on plasma lipoproteins. The NA receptor GPR109A is expressed in monocytes and macrophages, suggesting a possible additional role for NA in modulating function of these immune cells. We hypothesize that NA has the potential to act directly on monocytes to alter mediators of inflammation that may contribute to its antiatherogenic effects in vivo. Methods and Results-In human monocytes activated by Toll-like receptor (TLR)-4 agonist lipopolysaccharide, NA reduced secretion of proinflammatory mediators: TNF-␣ (by 49.2Ϯ4.5%); interleukin-6 (by 56.2Ϯ2.8%), and monocyte chemoattractant protein-1 (by 43.2Ϯ3.1%) (PϽ0.01). In TLR2 agonist, heat-killed Listeria monocytogenes-activated human monocytes, NA reduced secretion of TNF-␣ (by 48.6Ϯ7.1%), interleukin-6 (by 60.9Ϯ1.6%), and monocyte chemoattractant protein-1 (by 59.3Ϯ5.3%) (PϽ0.01; nϭ7). Knockdown of GPR109A by siRNA resulted in a loss of this anti-inflammatory effect in THP-1 monocytes. However, inhibition of prostaglandin D 2 receptor by MK0524 or COX2 by NS398 did not alter the anti-inflammatory effects of NA observed in activated human monocytes. Preincubation of THP-1 monocytes with NA 0.1 mmol/L reduced phosphorylated IKK␤ by 42Ϯ2% (PϽ0.001) IKB-␣ by 54Ϯ14% (PϽ0.01). Accumulation of nuclear p65 NF-B in response to lipopolysaccharide treatment was also profoundly inhibited, by 89Ϯ1.3% (nϭ4; PϽ0.01). NA potently inhibited monocyte adhesion to activated HUVEC, and VCAM, mediated by the integrin, very late antigen 4. Monocyte chemotaxis was also significantly reduced (by 45.7Ϯ1.2%; PϽ0.001). Conclusion-NA displays a range of effects that are lipoprotein-independent and potentially antiatherogenic. These effects are mediated by GPR109A and are independent of prostaglandin pathways. They suggest a rationale for treatment with NA that is not dependent on levels of plasma cholesterol and possible applications beyond the treatment of dyslipidemia. (Arterioscler Thromb Vasc Biol. 2012;32:669-676.) The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/
I n patients with prior myocardial infarction, nicotinic acid (NA) reduces long-term mortality 1 and may confer additional antiatherogenic benefits when used in conjunction with statins. 2, 3 These effects are generally attributed to favorable actions on the lipoprotein profile, which include LDL-cholesterol reduction and HDL-cholesterol elevation.
In addition, NA reduces systemic markers of inflammation (eg, high-sensitivity C-reactive protein, monocyte chemoattractant protein-1 [MCP-1], and TNF-␣) and increases adiponectin, an adipokine with insulin sensitizing, antiatherogenic, and antiinflammatory properties. 2, 4 These observations raise the possibility of additional nonlipoprotein-mediated effects of NA. The receptor for NA, GPR109A, is abundantly expressed in adipocytes, where it suppresses free fatty acid release 5 and has G-protein coupled receptor-mediated anti-inflammatory effects. 6 It is also expressed in immune cells including monocytes, macrophages, neutrophils, dendritic cells, and skin Langerhans cells, but a clear role for this receptor in these cells has yet to be elicudated. [7] [8] [9] Monocytes and macrophages are key mediators of inflammation; they play a central role in the genesis and pathology of atherosclerosis and represent an important therapeutic target. 10 Given the anti-inflammatory effects of NA in adipocytes, the presence of GPR109A in macrophages suggests a potentially more complex macrophage-mediated role for NA in the modulation of atherosclerosis. A recent study using the LDL-receptor Ϫ/Ϫ mouse model of atherosclerosis showed significant inhibition of disease progression with dietary NA treatment, which was not accompanied by changes in the lipoprotein profile; this effect was not observed in equivalent mice that were GPR109A-deficient. 11 Significantly, the effects of NA were also abrogated by bone marrow transplantation from GPR109A-deficient mice into atherosclerosis-prone recipients, suggesting that the observed effects of NA were mediated by bone marrow-derived cells. 11 Unknown, however, is whether these and other anti-inflammatory effects of NA pertain in human monocytes and the cellular mechanisms through which this drug may act. In addition, it is not known whether antiinflammatory effects may be altered by interactions with drugs used in the treatment of the side effects associated with niacin, such as administration of prostaglandin D2 (PGD 2 ) receptor antagonists to counteract flushing. Here, we test the effects of NA on human monocytes and explore its mechanisms of action on a range functions that are relevant to atherogenesis.
Methods

Human Monocyte Isolation and Cell Treatments
Blood from healthy volunteers was taken according Oxford University local protocols and informed consent was obtained. Monocytes were isolated by density gradient centrifugation using Optiprep™ (Axis-shield, Kimbolton, UK), washed twice using sterile PBS and cultured in X-Vivo 10 media (Fisher Scientific, Loughborough, UK) containing 1% autologous serum.
Cells were pretreated for 18 hours with NA 0.1 mmol/L (Sigma Aldrich, Poole, UK), following which lipopolysaccharide (LPS, 50 ng/mL) (Sigma Aldrich, Poole, UK) was added for a further 6 or 24 hours. TLR receptor agonists heat-killed Listeria monocytogenes (HKLM), TLR2, LPS, TLR4, and Poly(I:C), Poly(I:C) low molecular weight, and TLR 3 from a human TLR agonist kit (Invivogen, San Diego CA) were added at the recommended concentrations. PPAR␥ antagonist, GW9662 (10 g/mL) (Sigma Aldrich, Poole, UK) and GW1929 (1 g/mL) (Tocris, Bioscience, Bristol, UK) and the selective prostaglandin D 2 receptor 1 antagonist, MK0524 (100 mol/L) (Santa Cruz Biotechnology, Santa Cruz CA) or the selective cyclooxygenase-2 inhibitor NS398 (100 mol/L) (Sigma Aldrich, Poole, UK) were added at the same time as NA treatments. At the end of the incubation times, the surrounding cell culture media was collected and snap frozen then stored at Ϫ80°C until analysis.
Measurement of Secreted Cytokines and Chemokines and PGD 2
TNF-␣, interleukin (IL)-6, and chemokine MCP-1 were measured in cell culture supernatants removed from monocytes by a Luminex™ Multiplex bead-based system using Milliplex™ MAP kits, from the Human Cytokine/Chemokine panel. PGD 2 was measured by ELISA kit (Cayman Chemical, Tallin, Estonia) according to the manufacturer's instructions.
siRNA Knockdown of GPR109A in THP-1 Cells
THP-1 cells in suspension were transfected with GPR109A siRNA Flexitube Gene Solution (Qiagen, UK), mock and green fluorescent protein vectors or Hi GC Stealth Control scrambled siRNA (Invitrogen, Paisley, UK) were used as controls. Cells were transfected with 1 g of siRNA or 0.5 g of green fluorescent protein vector using the THP-1 Amaxa ® Cell Line Nucleofector kit V (Lonza, Verviers, Belgium) and the Nucleofector II system (Amaxa, Cologne, Germany) according to manufacturer's protocol. Transfected cells were incubated with phorbol 12-myristate 13-acetate (PMA, 100 ng/mL) for 24 hours, then washed twice with PBS, after which NA and LPS treatments were performed as described above. The percentage of live/dead green fluorescent proteintransfected cells were quantified by FACS using Fixable Live/Dead Violet stain (Invitrogen, Paisley, UK).
THP-1 Cell Culture
Please refer to the Methods section in the online-only Data Supplement.
Assessment of the NF-B Pathway
Monocyte Binding Assays
Flow chamber assays were performed as previously described. 12 For details of cell treatments and static adhesion assay protocol, please refer to the Methods section in the online-only Data Supplement.
Monocyte Chemotaxis Assay
For the chemotaxis assays, freshly isolated human monocytes were suspended in chemotaxis buffer, RPMI with HEPES (25 mmol/L), and 0.1% BSA, with or without NA 0.1 mmol/L, and applied to a 96-well Neuroprobe ChemoTx™ membrane (Receptor Technologies, Adderbury, UK), 8-m pore size at a density of approximately 400,000 cells per well. The lower chamber contained either media taken from human umbilical endothelial cells stimulated with TNF-␣ (10 ng/mL) for 8 hours or chemotaxis buffer alone. After 4 hours incubation at 37°C in a 5% CO 2 cell culture incubator, the cells on the upper layer of the membrane were removed with a cotton swab and the membrane rinsed with PBS. Migrated cells attached to the lower area of the membrane were fixed in paraformaldehyde (4%) then mounted with mounting media containing DAPI. Migration of the cells was quantified by taking 4 images under a fluorescent microscope from each membrane with a minimum of 4 membranes per treatment. Stained nuclei were then counted using image software Image Pro Plus™ (Media Cybernetics, Silver Spring, MD).
Measurement of mRNA by Quantitative RT-PCR
Statistical Methods
Values are expressed as meanϮSEM for replicates between experiments. Wilcoxon signed-rank nonparametric test was used to determine differences between data sets from secreted cytokines. Data for all other analyses were analyzed using one-way ANOVA with a post-hoc Dunn's Multiple comparison test, significance was set at *PϽ0.05.
Results
NA Suppresses TLR2-and TLR4-Induced Release of Inflammatory Mediators
To investigate the effect of NA on TLR2-and TLR4mediated secretion of proinflammatory mediators, we incubated human monocytes with or without NA 0.1 mmol/L for 18 hours, after which LPS (TLR4 agonist) or HKLM (TLR2 agonist) was added for a further 12 hours. Pilot dose response experiments (100 nmol/L to 0.1 mmol/L) established optimal dosing of NA ( Figure I in the online-only Data Supplement) and excluded detrimental effects on cell viability ( Figure II in the online-only Data Supplement). Addition of LPS stimulated the release of TNF-␣, IL-6, and MCP-1 by between 3000-and 6000-fold. NA reduced secretion of each these proinflammatory mediators: TNF-␣ (by 49.2Ϯ4.5%); IL-6 (by 56.2Ϯ2.8%) and MCP-1 (by 43.2Ϯ3.1%) (PϽ0.01; nϭ7) ( Figure 1 A-C). Addition of HKLM stimulated release of TNF-␣, IL-6, and MCP-1 by between 1000-and 5000-fold. NA reduced secretion of each these proinflammatory mediators: TNF-␣ (by 48.6Ϯ7.1%), IL-6 (by 60.9Ϯ1.6%), and MCP-1 (by 59.3Ϯ5.3%) (PϽ0.01; nϭ7) ( Figure 1D-1F ). Quantitative RT-PCR showed that mRNA for each of these inflammatory mediators was similarly reduced in both freshly isolated human monocytes and in cells of the THP-1 mono-cytic line ( Figure III in the online-only Data Supplement). The TLR3 agonist viral double-stranded RNA was also used in this assay with minimal response in TNF-␣ secretion and no effect of NA (data not shown).
NA Acts on the NFB Transcription Pathway
The NF-B pathway is a key mediator of inflammation and is activated via toll-like receptors (TLRs) resulting in increased cytokine and chemokine production. 13 Activation of NF-B and release of its subunits play a key role in the early development of endothelial dysfunction and atherosclerosis. Moreover, transcription of IL-6, TNF␣, and MCP-1 is regulated by the transcription factor NFB. 14, 15 In the THP-1 human monocytic cell line, LPS treatment for 6 hours resulted in a 2-fold increase in phosphorylated IKK␤ and phosphorylated IKB-␣. Preincubation with NA 0.1 mmol/L reduced phosphorylated IKK␤ by 42Ϯ2% (nϭ3; PϽ0.001) and phosphorylated IKB-␣ by 54Ϯ14% (nϭ3; PϽ0.01) relative to total ( Figure 1G and 1H). Transcription factor activity was determined by ELISA.
NF-B present in nuclear extracts binds to the NF-B (p65) response element and was increased 5.4Ϯ1-fold (nϭ4; PϽ0.01) in nuclear extracts from LPS-treated monocytes. This effect was profoundly inhibited, by 89Ϯ1.3% (nϭ4; PϽ0.01), with NA pretreatment, to below the level detected in nonstimulated cell extracts ( Figure 1I ). Accumulation of nuclear p65 NF-B in THP-1 in response to LPS treatment was shown by immunofluorescence and was abolished by NA pretreatment ( Figure 1J ).
Effects of NA Mediated by GPR109A
Incubations of non-siRNA transfected and scrambled siRNA transfected THP-1 monocytes and GPR109a siRNA were carried out in parallel. As observed in previous experiments, preincubation with NA attenuated LPS-induced TNF-␣, IL-6, and MCP-1 release in both the nontransfected and scrambled siRNA transfected cells, but in the cells, which had GPR109A knockdown by siRNA, this effect was abolished, Figure 2A 
GPR109A Agonist Acipimox Reduces Cytokine and Chemokine Release
Pretreatment of freshly isolated human monocytes with the GPR109A acipimox 0.1 mmol/L for 18 hours resulted in a reduction in LPS-stimulated TNF-␣ release, which was comparable to that in monocytes pretreated for 18 hours with NA 0.1 mmol/L ( Figure 2D ) (nϭ3, *PϽ0.05). 
NA-Induced Reduction in Cytokine and Chemokine Release is Unaffected by the Prostaglandin D 2 Receptor 1 Antagonist MK0524 or COX2 Inhibitor NS398
NA at the optimal dose used to inhibit an inflammatory response resulted in an increase in PGD 2 release ( Figure V in the online-only Data Supplement). To test whether activation of the prostaglandin pathway was involved in the antiinflammatory effects observed with NA treatment, freshly isolated human monocytes were pretreated with the prostaglandin D 2 receptor antagonist MK0524. As with the previous cytokine measurements, addition of LPS stimulated the release of TNF-␣, IL-6, and MCP-1 by between 4000-to 12,000-fold. NA pretreatment again reduced secretion of each these proinflammatory mediators: TNF-␣ (by 91Ϯ1.6%); IL-6 (by 76Ϯ6.5%) and MCP-1 (by 85Ϯ4%) (PϽ0.01; nϭ3). The addition with niacin of either the COX-2 inhibitor, NS398, or the prostaglandin D 2 receptor antagonist MK0524, had no effect on the inhibition of LPS-stimulated cytokine or chemokine release ( Figure 3A-3C ). This lack of effect demonstrates the persistence of the anti-inflammatory effect of NA despite inhibition of the eicosanoid pathway in two distinct regions.
NA-Induced Reduction in TNF␣ Release is Independent of PPAR␥ Activation
Because PPAR␥ can exert anti-inflammatory effects through antagonism of NFB, 16 and NA is able to increase PPAR␥ activity, 7 we sought to ascertain whether inhibition of PPAR␥ would affect the NA-induced reduction of TNF␣ release from human monocytes. Incubation with the PPAR␥ antagonist GW9662, along with NA and LPS did not affect the reduction in TNF␣ release observed with NA treatment ( Figure 3D ). Incubation with the PPAR␥ agonist GW1929 increased CD36 expression by 2.7Ϯ0.3-fold, whereas addition of the antagonist GW9662 negated this effect ( Figure 3E ). Changes in CD36 gene expression confirmed that PPAR␥ was inactivated under these experimental conditions.
NA Potently Inhibits Monocyte Adhesion to Activated HUVEC and to VCAM via Very Late Antigen 4 Mediated Mechanisms
To obtain functional assessments of monocyte adhesion, we used a cell adhesion assay under flow conditions. Monocyteendothelial binding under flow conditions was assessed in a parallel plate flow chamber. Monocytes bound readily to activated HUVEC, whereas NA treatment for 1 hour reduced adhesion of monocytes by 79.2Ϯ1.2% compared to nontreated cells (PϽ0.01; nϭ3) ( Figure 4A and Movies I-III in the online-only Data Supplement).
VCAM-coated plates were substituted for activated HUVEC to investigate whether the mechanism of reduced adhesion was mediated by its ligand the integrin, very late antigen 4 (VLA-4) on monocytes. PMA was used to activate VLA-4 and resulted in a 71.9Ϯ4.1% (PϽ0.01) increase in the mean number of monocytes bound to VCAM-coated plates, compared to that of nontreated cells. Pretreatment of monocytes with NA for 1 hour prior to PMA reduced adhesion by 75.1Ϯ2.4% (PϽ0.001; nϭ3) compared with that of stimulated with PMA alone ( Figure 4B ). To show that binding was VLA-4 specific, cells were incubated with saturating concentrations of anti-VLA-4 antibody for 1 hour. No binding of cells was observed in any of the fields of view ( Figure 4B and Movies IV-VII in the online-only Data Supplement).
Using the same cell preparation, PMA treatment for 1 minute resulted in an increase in monocyte binding compared to that observed in the nontreated cells by 83Ϯ10.7% (PϽ0.01; nϭ2) in line with that observed in previous experiments. However, after 1 minute of NA treatment, binding was reduced to levels seen in NA-untreated cells undergoing the same procedure ( Figure 4C) .
Confocal microscopy showed an increase in detectable membrane VLA-4 with PMA treatment. This increase was not seen in cells that had been pretreated with NA prior to PMA treatment ( Figure 4D ).
NA-Induced Reduction VLA-4-Mediated Adhesion Is Unaffected by the Prostaglandin D 2 Receptor 1 Antagonist MK0524 or COX2 Inhibitor NS398
In a static cell adhesion assay, the decrease in adhesion of THP-1 cells to VCAM coated plates observed with NA treatment was also unaffected by MK0524 or NS398 ( Figure 5A ).
The addition of MK0524 had no effect on the reduction in VLA-4 expression,as shown by immunofluorescence ( Figure 5B ).
NA Potently Inhibits Monocyte Migration Toward Activated HUVEC
Using a modified Boyden chamber assay we investigated whether NA treatment altered the chemotactic activity of human monocytes. Chemotaxis of human monocytes in response to media taken from activated HUVEC was reduced by 45.7%Ϯ1.2%; (PϽ0.001; nϭ4, Figure 6 ).
Discussion
Under conditions of inflammation associated with cardiovascular disease, increased secretion of proatherogenic, proinflammatory cytokines, and chemokines contribute significantly to the recruitment of inflammatory T-cells and macrophages into atherosclerotic lesions. 17 This study shows, for the first time in human monocytes, substantial anti-inflammatory effects of NA. NA (1) reduced chemokine and cytokine production in response to a range of TLR ligands; (2) suppressed signaling through NF-B; (3) decreased adhesion to activated endothelial cells, through effects on VLA-4; and (4) reduced chemotaxis toward conditioned media. Each of these monocyte and macrophage functions is of potential relevance in atherogenesis 2, 18, 19 and could potentially contribute to the atheroprotective effects of NA. Obtained in cell culture, the observed effects were independent of the NA-induced changes in lipoproteins that are observed in vivo.
Monocyte recruitment to activated vascular endothelium and chemotaxis within the subendothelial space are key events in atherogenesis. Interventions that reduce monocyte recruitment, through reduced chemokine signaling 20, 21 or through reduction in endothelial adhesion, eg, mediated by VCAM-1, 22 can reduce atherosclerosis in experimental models. Lukasova et al have recently shown that NA reduces chemotaxis of mouse peritoneal macrophages in response to MCP-1, 11 but the effects on the earlier event of endothelial binding have not been explored. We undertook a series of functional assays in human monocytes demonstrating marked reduction in adhesion to activated HUVEC that is mediated, predominantly through a reduction in the availability of the monocyte surface integrin VLA-4 (ligand for VCAM-1). 23, 24 Using immunofluorescence, we found that the rapid reduction in monocyte-VCAM-1 binding after treatment was associated with almost total loss of antibody binding consistent with the allosteric regulation of integrins to modulate ligand affinity. 25, 26 This mechanism is also consistent with the rapidity of pharmacological action of NA on this process, which occurred within minutes.
Because many genes important in the development of atherosclerosis are under control of NF-B, we examined activity in this transcriptional regulatory pathway. NA substantially reduced the phosphorylated intermediates IKK␤ and IKB-␣. Phosphorylated p-65 in the nuclear fraction was also reduced with confirmation of suppressed gene transcription in a functional reporter assay. The current data confirm and complement studies in which NA increased the activity of the transcription regulator PPAR-␥ 7 and increased the expression of ABCA1 cholesterol transporter in a monocyte cell line. 27, 28 Ricote et al have shown that PPAR-␥ is a negative regulator of macrophage function, in part through antagonism of NF-B. 16 Using the irreversible inhibitor GW9662 to block PPAR-␥ activity we have shown that PPAR-␥ is not necessary for the anti-inflammatory action of NA on NF-B. Cutaneous flushing is a common side-effect of taking niacin and represents a major cause for lack of adherence to treatment. The mechanism is through PGD 2 release from immune cells in the skin including the dendritic Langerhans cells and macrophages that act on the PGD 2 receptor DP1. 8, 29, 30 An approach to overcome this problem is coadministration of laropiprant (a selective prostaglandin D2 receptor anagonist), which has improved compliance of this drug. 31, 32 Of concern is the possibility that by inhibiting PGD 2 action via its receptor, the beneficial anti-inflammatory effects of niacin might diminish. Indeed PGD 2 can inhibit the mobilization of antigen-presenting dendritic cells in response to an inflammatory insult. 33 In line with previous findings, niacin treatment in resulted in an increase in PGD 2 release from human THP-1 monocytes. 34 However, the antiinflammatory effects with niacin treatment measured by release of proinflammatory mediators and alterations in cell adhesion prevailed despite adding the either PGD 2 receptor antagonist, laropiprant, or by inhibiting COX-2. These findings indicate that the anti-inflammatory effects of NA are independent of alterations to prostaglandins and would not be predicted to be susceptible to attenuation by laropiprant, when used clinically.
The observed effects of NA are mediated through its receptor GPR109A. We have been able to demonstrate: (1) siRNA knockdown of GPR 109A abrogates the inhibition of LPSstimulated cytokine release from human monocytes and (2) treatment with the GPR109A agonist acipimox results in a similar reduction in cytokine production to that observed with NA.
These findings are consistent with a recent study in LDL-receptor Ϫ/Ϫ knockout mice which reported novel GPR109A receptor mediated antiatherosclerotic effects of niacin administered in the diet, which were not dependent on alterations in lipoproteins. 11 Moreover, these beneficial effects were abrogated in LDL-receptor Ϫ/Ϫ and GPR109A Ϫ/Ϫ double knockout mice. Through bone marrow transplantation of GPR109A competent cells, mediation of antiatherosclerotic mechanisms was shown to be via this receptor in bone marrow-derived cells.
The dose of NA associated with anti-inflammatory effects in human monocytes in the current study was identical to that which induced G-protein coupled receptor-mediated suppression of cytokines and increased adiponectin expression in human adipocytes. 6 Because this dose range also inhibits lipolysis in adipocytes (a recognized pharmacological action of NA in humans) 5, 35 the effects observed in cell culture have plausible relevance in the clinical setting.
TLRs recognize conserved patterns on bacterial and viral pathogens, but can also have a detrimental effect in atherosclerosis. Macrophages in human atherosclerotic plaque express TLR2 and TLR4, 36, 37 and TLR2 signaling mediates both plaque inflammation and matrix degradation. 38 Conversely TLR3 may confer athero-protective effects. 39 Our findings that NA suppresses TNF-␣ release in response to TLR2 and TLR4 stimulation (but has no effect on TLR-3) accord further with a pharmacological role for this drug in the suppression of the monocyte/macrophage activity relevant to atherogenesis.
Further anti-inflammatory effects of NA have been reported in endothelial cells showing a reduction in TNF-␣induced inflammation and monocyte adhesion. 40 In a rabbit model of acute vascular inflammation, niacin added to the diet resulted in a reduction in endothelial expression of adhesion molecules and MCP-1. 41 These effects are presumably not GPR109A-mediated because the receptor is not expressed in vascular tissues. 42 Collectively, our findings are of potential significance in atherosclerosis where each of these affected processes has a significant role in lesion development. It has long been postulated that NA has beneficial effects in the treatment of atherosclerosis and its complications, but conventional explanations have relied on favorable modification of plasma lipoproteins. The identification of alternative modes of action, eg, directly through GPR109A on monocytes is important because it suggests a potential rationale for treatment with NA that is not dependent on levels of plasma cholesterol and would complement current clinical treatment strategies, thereby also suggesting potential applications for this long-established drug, and its related compounds, beyond the treatment of dyslipidemia.
Furthermore, an increasing understanding of the pharmacology of niacin and its mechanisms of action suggest that some of the beneficial effects may lie beyond lipoprotein modulation. Importantly, the ability of niacin to bind GPR109A and signal via ␤-Arrestin 1, 29 a central modulator of G-protein signal transduction and ␤-Arrestindependent signaling, represents multiple potential cellular targets with which to develop biased ligands. In the future, new agents may be able to develop pleiotropic anti-inflammatory effects and avoid the intrusive side effects that have hampered the routine use of niacin in clinical practice.
